Handwriting impairments in Parkinson's disease (PD) have been associated with micrographia, i.e. diminished letter size. However, dyscoordination of the wrist and fingers may also contribute to handwriting deterioration in PD. To investigate this hypothesis, right-handed PD patients and controls were tested in performance of three types of cyclic wrist and finger movements: drawing of two lines and a circle. The line drawing was performed with either simultaneous flexion and extension of the wrist and fingers (equivalent pattern resulting in a right-tilted line) or with wrist flexion/extension accompanied with finger extension/flexion (nonequivalent pattern resulting in a left-tilted line). Circle drawing required a specific phase difference between wrist and finger motions. Movements were performed with an inkless pen on a digitizer-tablet at two frequency levels. Consistent deformations of the circle into right-tilted ovals and lower variability in equivalent compared with nonequivalent lines revealed preference to produce right-tilted shapes. This preference became more apparent with increased movement speed and it was amplified in PD patients. Analysis revealed that the circle deformation emerged mainly due to reduction in relative phase, while wrist and finger amplitudes remained unchanged. The results suggest that PD causes deficit characterized by strong tendency to produce certain coordination patterns between wrist and finger motions. This deficit may significantly contribute to handwriting impairments in PD by reducing the dexterity in the production of the variety of shapes of the cursive letters. Furthermore, the deficiency revealed in wrist and finger coordination may represent a more general deficit affecting control of various multi-joint movements in PD.
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Introduction
Parkinson's disease (PD) is characterized by specific features of limb movements such as shortened movement amplitude, delays in movement initiation, slowness during motion, high variability, and tremor (Brown & Marsden, 1991; Flash, Inzelberg, Schechtman, & Korczyn, 1992; Sheridan, Flowers, & Hurrell, 1987) . While these and other features of Parkinsonian movements have been recognized and extensively studied, deficits in movement control that result in these features remain largely unknown. In this study, the effect of PD on movement control is examined in relation to wrist and finger movements like those involved in handwriting.
Handwriting deterioration is typical of PD (Jankovic, 2008) and often is the first manifestation of this disease (Mclennan, Tyler, Schwab, & Nakano, 1972) . The debilitating effect of PD on handwriting is usually described as micrographia, i.e. diminished letter size (Lewitt, 1983) . Micrographia has become widely recognized as a dysfunction caused by PD, probably, because it is easily observable and is consistent with hypometria, a well-known tendency in PD to shorten movement amplitude (Contreraz-Vidal, Teulings, & Stelmach, 1995; Desmurget, Grafton, Vindras, Grea, & Turner, 2003; Flash et al., 1992; Margolin & Wing, 1983; Van Gemmert, Teulings, Contreras-Vidal, & Stelmach, 1999) . Nevertheless, another deficit, namely, dyscoordination of wrist and finger motions, may also contribute to impaired handwriting in PD (Teulings, Contreras-Vidal, Stelmach, & Adler, 1997; Van Gemmert, Adler, & Stelmach, 2003) . Although this deficit has obtained less attention than micrographia, it may be as important. The contribution of this factor to impaired production of graphical output in PD is the focus of the present study.
Without considering proximal arm joints, the hand-finger biomechanical system has at least 10 degrees of freedom. Nevertheless, limitations imposed by the need for the fingers to hold the pen and for the entire hand to move on the horizontal surface reduce the actual number of degrees of freedom during handwriting to two (Teulings, 1996) . One degree-of-freedom arises from
